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Noradrenergic Modulation of Basolateral Amygdala
Neuronal Activity: Opposing Influences of a-2 and 3
Receptor Activation

Deanne M. Buffalari' and Anthony A. Grace'*
'Department of Neuroscience and 2Departments of Psychiatry and Psychology, University of Pittsburgh, Pittsburgh, Pennsylvania 15260

Substantial data exists demonstrating the importance of the amygdala and the locus ceruleus (LC) in responding to stress, aversive
memory formation, and the development of stress-related disorders; however, little is known about the effects of norepinephrine (NE) on
amygdala neuronal activity in vivo. The basolateral nucleus of the amygdala (BLA) receives dense NE projections from the LC, NE
increases in the BLA in response to stress, and the BLA can also modulate the LC via reciprocal projections. These experiments examined
the effects of noradrenergic agents on spontaneous and evoked responses of BLA neurons. NE iontophoresis inhibited spontaneous firing
and decreased the responsiveness of BLA neurons to electrical stimulation of entorhinal cortex and sensory association cortex (Te3).
Confirmed BLA projection neurons exhibited exclusively inhibitory responses to NE. Systemic administration of propranolol, a
[B-receptor antagonist, decreased the spontaneous firing rate and potentiated the NE-evoked inhibition of BLA neurons. In addition,
iontophoresis of the -2 agonist clonidine, footshock administration, and LC stimulation mimicked the effects of NE iontophoresis on
spontaneous activity. Furthermore, the effects of LC stimulation were partially blocked by systemic administration of & 2 and 3 receptor
antagonists. This is the first study to demonstrate the actions of directly applied and stimulus-evoked NE in the BLA in vivo, and provides
amechanism by which (8 receptors can mediate the important behavioral consequences of NE within the BLA. The interaction between
these two structures is particularly relevant with regard to their known involvement in stress responses and stress-related disorders.
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Introduction

The amygdala is a critical component of the systems mediating
many aspects of the stress response, fear-motivated learning, and
memory for emotionally evocative events (LeDoux, 2000; Mc-
Gaugh, 2004; Berretta, 2005). It is also heavily implicated in
stress-related disorders such as panic disorder (Shekhar et al.,
1999), posttraumatic stress disorder (PTSD) (Rauch et al., 2000),
and anxiety (Shekhar et al., 2005). Also heavily researched for its
role in stress and stress-related pathologies is the locus ceruleus
(LC) (Sved etal., 2002). The basolateral complex of the amygdala
(BLA) receives a dense norepinephrine (NE) innervation origi-
nating primarily in the LC (Asan 1998), and levels of NE increase
in the BLA with presentation of stressful stimuli (Galvez et al.,
1996; Hatfield et al., 1999). LC neurons are activated by stressful
stimuli (Rasmussen et al., 1986; Abercrombie and Jacobs, 1987;
Grant et al., 1988; Aston-Jones et al., 1991), and presumably me-
diate the stress-induced increase in NE in the BLA. Therefore, the
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pathway from LC is thought to be critical in providing informa-
tion about stressful stimuli to the BLA and allowing for appropri-
ate behavioral and neuroendocrine responses to stressors.

The LC provides diffuse projections which target many fore-
brain nuclei. Major targets relevant to stress include the hip-
pocampus, prefrontal cortex, and amygdala. However, of these
targets, the amygdala is unique in three respects. The amygdala is
uniquely positioned to provide feedback to the LC via reciprocal
projections (Van Bockstaele et al., 2001). Furthermore, although
both the prefrontal cortex and hippocampus have been shown to
have inhibitory roles over the stress response, leading to damp-
ening of responding to stressful stimuli (Herman and Cullinan,
1997), the amygdala has a facilitatory effect over the stress re-
sponse, as does the LC. This promotion of the stress response
implicates both the amygdala and the LC in the development of
maladaptive stress responses and potentially stress-related pa-
thologies and disorders. Finally, the NE input to the amygdala is
critical for memory of aversive events (McGaugh, 2002). Thus,
NE has been shown to modulate the consolidation of aversive
learning within the BLA (Gallagher et al., 1977). Abnormal reg-
ulation of emotional memories is thought to be related to the
development of PTSD (Debiec and LeDoux, 2006).

Despite evidence confirming the amygdala and the LC as re-
gions involved in stress-related behaviors and disorders, and
much behavioral data validating the importance of BLA NE in
aversive learning, there is a paucity of information about how NE
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affects the BLA in vivo. The present studies examine the effects of
microiontophoresis of NE on BLA neuron spontaneous activity
and activity evoked by stimulation of entorhinal cortex (EC) or
sensory association cortex (Te3). Furthermore, we examined the
contribution of B receptors and « 2 receptors to these effects of
NE. Finally, we investigated similarities in the responses of BLA
neurons to footshock or LC stimulation and NE iontophoresis to
gain insight into the role that NE plays in BLA neuronal response
to acute stressors, as well as the role of the LC-BLA pathway in
mediating these responses.

Materials and Methods

Surgical preparation. All studies were conducted in accordance with the
Guide for the Care and Use of Laboratory Animals published by the United
States Public Health Service, and all experimental procedures were ap-
proved by the University of Pittsburgh Institutional Animal Care and Use
Committee. Male Sprague Dawley rats (250—400 g), housed in pairs and
kept on a 12 h light/dark cycle, were maintained at constant temperature
and given food and water ad libitum. After 5 d of pair housing, one cage
mate was removed from the cage and control housing room for use in
other studies. The remaining rats were housed singly until removal from
the cage for experimental use. Rats were anesthetized with 8% chloral
hydrate (400 mg/kg, i.p.) and then implanted with jugular catheters for
anesthetic or drug administration. Rats were then placed in a stereotaxic
apparatus, with supplemental doses of chloral hydrate given intrave-
nously to maintain a constant level of anesthesia, and temperature was
monitored with a rectal thermometer probe and maintained at 37°C. An
incision was made along the scalp and the underlying skull was exposed.
Burr holes were drilled in the skull and the dura under the burr holes was
removed. The locations of the BLA [—5.0 mm lateral (L), —3.0 mm
caudal (C) from bregma], Te3 [-6.1 mm L, —6.8 mm C, —4.7 mm
ventral (V) from bregma], LC (—1.1 mm L, —3.6 mm C, —5.8 mm V
fromA),andthe EC(—5.0mmL, —6.8 mm C, —8.2mm V from bregma)
were calculated using a stereotaxic atlas (Paxinos and Watson, 1997).
Because of the small size of the LC nucleus and its close apposition to
many surrounding nuclei, the location of the LC was verified by lowering
arecording electrode, confirming the presence of neurons that displayed
characteristic LC action potential waveforms and exhibited an excitatory
response to foot pinch and replacing the recording electrode with a stim-
ulating electrode in the identified location. Stimulating electrodes were
lowered into the brain, and recordings did not begin until at least 45 min
after placement of the stimulating electrodes.

Electrophysiology. The electrophysiological activity of individual neurons
within the BLA (single-unit extracellular recordings) was isolated using five-
barrel microiontophoretic recording electrodes, and only those neurons
with a signal-to-noise ratio >3:1 were used for data analysis. In all experi-
ments, spontaneous activity was recorded for a minimum of 5 min and
expressed as spikes per second. After recording of spontaneous activity, the
neuron was examined for responsiveness to stimulation of EC, Te3, LC, or
footshock stimulation, depending on the experiment. If responsive, the na-
ture of the response was characterized and recorded. EC and Te3 stimulation
protocols were also run concomitant with NE application. If unresponsive,
NE (200 um) or clonidine (50 um) was applied via iontophoresis in succes-
sively increasing doses (5-40 nA), and the nature of the response recorded.
In a subset of neurons, NE was applied via iontophoresis before and after
systemic propranolol administration (0.5 mg/kg).

Electrical stimulation. Bipolar, concentric stimulation electrodes were
lowered into either the LC, Te3, or the EC at the conclusion of surgical
preparation. Neurons responsive to LC stimulation were isolated based
on spontaneous activity (not during tonic stimulation of LC) and then
tested for responsivity to LC stimulation (50—-300 A, 0.25 ms, 0.2 Hz).
This was done to avoid massive release of NE with repeated LC stimula-
tion during a search-stimulation protocol. Furthermore, in experiments
in which an attempt was made to block LC responses with systemic
administration of propranolol or yohimbine, LC stimulation current
levels were limited to 50 pA to further ensure specific stimulation of the
LC alone and not surrounding brainstem nuclei. Neurons responsive to
either Te3 or EC stimulation were found using a search-stimulate proto-
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col. Single-pulse stimuli (300-900 uA, 0.25 ms, 0.5 Hz) were delivered to
the Te3 or EC while the recording electrode was lowered through the
BLA, and responsive neurons were identified and isolated. Neurons were
characterized as having presumed orthodromic monosynaptic, ortho-
dromic polysynaptic, or antidromic responses to EC stimulation by the
following criteria: responses were operationally defined as orthodromic
if they had an onset latency of <20 ms, showed a failure to substantially
change latency in response to increases in current intensity, exhibited a
consistent onset latency with ~1-5 ms of variability in evoked spike
latency, and followed paired pulse stimulation at 50 Hz but not 400 Hz.
Antidromic responses were characterized by a constant onset latency
with absence of variability in evoked spike latency, and their ability to
followed paired pulse stimulation at 400 Hz. Monosynaptic responses
were differentiated from polysynaptic spikes based on onset latency and
variability of evoked spike latencies, as well as the failure of presumed
polysynaptic spikes to follow paired-pulse stimulation at 50 Hz.

Tontophoresis. Five-barrel microiontophoretic electrodes (Activational
Systems, Warren, MI) were constructed using a vertical microelectrode
puller, broken back under microscopic control to yield electrodes with a
central recording barrel impedance of 4—8 M() for electrophysiological
recordings. These electrodes were lowered through the BLA in successive
vertical tracks. The central barrel of the microelectrode was filled with 2%
Pontamine sky blue in 2 M NaCl. One of the outer barrels was filled with
3 M NaCl for automatic current balancing, and the remaining barrels
were filled with 200 um NE, pH 4.0, or 50 uM clonidine, pH 4.0. All drugs
were dissolved in 0.1 M NaCl. Drugs were retained using currents that
ranged between —12 and —18 nA, and were ejected at currents that
ranged between 5 and 40 nA. The ejection was done using repeated,
increasing doses from 5 to 40 nA with at least 2 min of spontaneous
activity recorded between each period of drug ejection.

Neurons were tested for dose responsivity to NE (5-40 nA). Those
neurons that responded to lower doses of NE (5-10 nA) did so in a
moderate, variable, and often nonsignificant manner, and these effects
were often difficult to evaluate reliably because of the very low firing rates
of many neurons. More clear, significant, and consistent responses
emerged in BLA neurons to higher doses of NE (40 nA). Therefore, this
dose was used for analysis of NE effects on spontaneous activity. How-
ever, because of the greater reliability in measuring changes in evoked
activity, which does not rely on evaluating small changes in neurons with
low levels of spontaneous spike activity, we found that evoked activity
was significantly altered by lower doses of NE (10 nA). Therefore, the
effects of NE on BLA evoked activity focused on the 10 nA dose, although
effects are also reported for higher doses where tested.

Drug administration. Propranolol (0.5 mg/kg) and yohimbine (0.5
mg/kg) were given intravenously via a jugular vein catheter.

Footshock. A single footshock (5 mA, 0.5 ms) was administered via two
28-gauge pins inserted into the lateral side of the footpad, and single unit
responses were recorded. The footshock was repeated up to five times per
neuron.

Histology. At the conclusion of electrophysiological experiments, Pon-
tamine sky blue dye was ejected by passing constant current through the
recording electrode (10 nA, 15 min) to mark the location of the recording
site. Anodal current was passed through the stimulating electrodes to
create small lesions to localize placement of the stimulating electrodes.
Rats were killed by an overdose of anesthetic, followed by decapitation
and removal of the brain. Brains were fixed in 10% formalin for a mini-
mum of 24 h, and then cryoprotected with 25% sucrose solution in 0.1 M
phosphate buffer. Subsequently, slices were cut on a cryostat into 40 um
coronal sections, mounted on glass slides, and stained with cresyl violet.
Recording sites were identified by the presence of the Pontamine sky blue
dye spot, and the location of the stimulating electrodes was identified by
the presence of a small lesion at the end of the electrode track.

Data analysis. Only those animals with electrode placements localized
to the LG, EC, Te3, and BLA were included in the analysis. Firing rate was
calculated as spikes per second. An effect was labeled as a significant
excitatory or inhibitory event if during the experimental manipulation
(NE iontophoresis, propranolol administration, clonidine iontophore-
sis, footshock, or LC stimulation) the average firing rate increased or
decreased by 25% or more from baseline. This was based on conservative
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Figure1.

estimates of the change necessary to yield significance in a  test given the
degree of firing rate variability. Premanipulation and postmanipulation
firing rates were compared using paired ¢ tests. For neurons activated
monosynaptically by EC or Te3 stimulation, the average onset latency
was measured across 50 stimulation trials. The effects of NE iontophore-
sis on responses evoked by afferent stimulation were evaluated in the
following manner: current applied to EC or Te3 was adjusted to achieve
between 50 and 60% probability of evoking a spike response. Fifty single
pulses at this current intensity were applied to the EC or Te3 and the
number of stimuli that evoked spike discharge within the BLA was mea-
sured. This was compared with the number of afferent stimuli that
evoked spike firing during NE iontophoresis. These spike probabilities
were compared using paired ¢ tests. Changes in evoked spikes were ex-
pressed as percentage increase or decrease in the probability of evoked
responses during NE iontophoresis. A minimum of 3 min of spontane-
ous firing was allowed before delivery of a second stimulation period of
50 sweeps concomitant with NE iontophoresis.

Responses were categorized based on identification of neuronal subtype.
Neurons were confirmed as projection cells if they exhibited antidromic
activation from EC stimulation (n = 8). These neurons were examined
separately for their response to NE iontophoresis, and pre-NE and post-NE
firing rates were compared with paired ¢ tests. Subclasses of neurons were
also examined based on neuronal location. Histological verification revealed
subgroups of neurons located in the lateral and basolateral subnuclei of the
BLA complex. These two groups of neurons were analyzed separately for
their responses to NE iontophoresis. Proportions of neurons in the lateral
nucleus displaying excitatory versus inhibitory responses were compared
with proportions of neurons in the basolateral nucleus displaying excitatory
versus inhibitory responses using x> analyses.

Results

Spontaneous activity

All neurons examined in this study were verified to lie within the
BLA (Fig. 1A). Accordingly, stimulation sites were verified as
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Diagram demonstrating sites of recording and stimulating electrodes. A, Neurons recorded from were located within the basolateral complex of the amygdala (lateral, basolateral, and
basomedial nuclei). B, Stimulating electrode sites localized to the LC. C, Stimulating electrode sites localized to the EC. D, Stimulating electrode sites localized to the Te3.

confined to the LC, EC, or Te3 (Fig. 1 B-D). Placements outside
these defined areas were not used for analysis. A total of 93 neu-
rons were recorded from 34 rats. Of these, 35 were tested for their
responses to NE alone (eight of those were antidromically acti-
vated and confirmed as projection neurons), 15 were examined
for responses to Te3 (eight) or EC (seven) stimulation before or
after NE iontophoresis, 5 were examined for responses to NE
before and after propranolol administration, five were examined
for responses to NE and clonidine, 20 were examined for re-
sponses to NE and LC stimulation, and 13 were examined for
responses to NE and footshock.

Neurons from the lateral (LAT) and basolateral (BL) nuclei of
the basolateral complex were examined for the above responses.
There was no difference in baseline firing rate (FR) among neu-
rons located in different nuclei of the basolateral amygdala (LAT
FR, 1.04 = 0.14 Hz; BL FR, 1.2 £ 0.24 Hz; p = 0.88, t test). The
average firing rate across all neurons was 1.1 = 0.19 Hz. The
average firing rate of neurons confirmed by antidromic activa-
tion to be projection neurons (n = 8) was 0.22 * 0.04 Hz, which
was significantly less than that of spontaneously active neurons
(p =0.01, t test).

Norepinephrine inhibits spontaneous activity of

BLA neurons

Iontophoresis of NE (200 um, 40 nA) significantly decreased
spontaneous activity (by 32 * 4.1%) in the majority of neurons
of the BLA (n = 24 of 35; p = 0.02, t test) (Fig. 2A,B). A smaller
proportion of neurons showed a significant increase in sponta-
neous activity (by 136 = 11.4%; n = 8 of 35; p = 0.02, t test) (Fig.
2C,D) with few cells showing no response to NE iontophoresis
(n = 3 of 35).
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Figure 2.  Norepinephrine inhibits spontaneous activity of BLA neurons. A, Firing rate histogram showing dose-dependent

inhibition of spontaneous activity during microiontophoretic application of NE. B, The majority of neurons displayed an inhibition
of spontaneous activity during NE application (p = 0.02). C, In some cases, NE microiontophoresis resulted in a dose-dependent
excitation of neuronal activity. D, A small number of neurons showed anincrease in spontaneous activity with NE application (p =
0.02). E, Neurons confirmed as projection cells via antidromic activation only displayed inhibition to NE application (p = 0.002).

F, Neurons in all nuclei of the BLA displayed excitatory and inhibitory responses.

Neurons from the lateral and basolateral nuclei were exam-
ined for their responses to NE. No significant differences were
found in the proportions of neurons that were excited and inhib-
ited in each of these nuclei (LAT, 74% inhibited; BL, 64% inhib-
ited; p = 0.6, x?). Therefore, the response to NE was not depen-
dent on the location of the neuron (Fig. 2E).

A subset of neurons was antidromically activated by electrical
stimulation of EC, confirming them as projection cells. These
neurons displayed only significant inhibitory responses to NE
iontophoresis (by 58 = 9%; p = 0.002, ¢ test) (Fig. 2 F).

Norepinephrine inhibits activity evoked by stimulation of
entorhinal cortex and sensory association cortex.

Electrical stimulation of the EC evoked orthodromic, excitatory
responses in BLA neurons (n = 7) (Fig. 3A) with an average
latency to spike onset of 12.3 * 1.9 ms. During iontophoresis of
NE (10nA), the spike probability in response to EC stimulation
decreased significantly (by 38 + 5.2%;n = 7 of 7; p = 0.005) (Fig.
3B). Electrical stimulation of Te3 caused orthodromic, excitatory
responses in BLA neurons (n = 8) (Fig. 3C) with an average spike
onset latency of 9.7 = 1.4 ms. During iontophoresis of NE (10
nA), the spike probability in response to Te3 stimulation de-
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creased significantly (by 38 = 6.0%;n =8
of 8 neurons; p = 0.002, ¢ test) (Fig. 3D).

A significant and consistent decrease in
evoked spiking (both EC- and Te3-
evoked) with application of NE emerged
at lower doses of NE (10 nA) than did the
decrease in spontaneous firing (40 nA). A
portion of neurons (n = 6) did not recover
baseline-evoked spiking probabilities to
levels where it was sufficient to continue
testing at higher doses of NE; however, in
those that did exhibit recovery to baseline
(n = 9), NE iontophoresis (40nA) caused
additional inhibition of evoked spike
probability (by 70 £ 11%; p = 0.00006, ¢
test).

Norepinephrine-induced inhibition is
potentiated by systemic propranolol
administration and mimicked by
iontophoresis of clonidine
Iontophoresis of clonidine (50 uMm, 10
nA), an a-2 agonist, caused a decrease in
spontaneous activity of BLA neurons (by
65 * 7.0%; n = 5; p = 0.02, ¢ test) (Fig.
2 4 A).Iontophoresis of NE (40 nA, 200 uM)
inhibited spontaneous activity in these
same neurons (by 61 * 6.8%; n = 5;p =
0.03, t test) (Fig. 4 A, B). Therefore, NE ap-
pears to act at a-2 receptors to cause inhi-
bition in BLA neurons.

Systemic administration of propranolol
(i.v., 0.5 mg/kg) caused a decrease in spon-
taneous activity of BLA neurons (by 46 =
5.2%; n = 5; p = 0.03, t test). Furthermore,
iontophoresis of NE (5-40 nA, 200 um)
caused greater inhibition of BLA neuronal
activity at lower doses than before propran-
olol (at 10 nA NE; controls, 45 = 6.2% inhi-
bition; after propranolol, 99 *+ 11.2% inhi-
bition; n = 5; p = 0.007, ¢ test) (Fig. 5).

Footshock and LC stimulation cause similar responses as
those produced by NE iontophoresis

Electrical stimulation of the LC caused a significant inhibition in
the spontaneous activity of a subset of neurons of the BLA (by
59 * 8.1%; n = 11 of 20; p = 0.03, ¢ test) (Fig. 6 A, C). Of these
neurons, six were tested for their response to NE iontophoresis,
and all six displayed NE-induced inhibition (by 51 * 12%;n = 6
of 6; p = 0.004, t test) (Fig. 6 B, C). Of the remaining neurons, five
were tested for blockade of response with systemic yohimbine
administration. Whereas three of five neurons displayed a partial
blockade of inhibitory effects and a slight, but nonsignificant
excitation (10 = 2%; p = 0.41, ¢ test) (Fig. 6C), the remaining
neurons showed a decrease in spontaneous activity in response to
yohimbine administration (presumably because of blockade of
presynaptic NE autoreceptors leading to increases in NE release
(Broderick, 1997), causing a floor effect from which the presence
of further inhibition by LC stimulation could not be detected. LC
stimulation also caused excitation in a subset of BLA neurons (by
62 * 8.2%; n = 9 of 20; p = 0.01, ¢ test) (Fig. 6 D,F). Of these
neurons, four were tested for response to NE iontophoresis, and
three were also excited by NE (by 104 * 18%; n = 3 of 4;
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p = 0.001, ¢ test) (Fig. 6 E, F). One neuron
tested did not respond significantly to NE A
iontophoresis. In the remaining five neu-
rons excited by LC stimulation, the ability
of systemically administered propranolol
to block the excitation was examined. Af-
ter propranolol, the previous LC-induced
excitation (by 61.5 £ 7.2%;n =50f5;p = @
0.04, £ test) was blocked. In fact, after pro-
pranolol, LC stimulation now caused a
slight, but not significant inhibition of
BLA neuronal activity (18.6 * 4.3%;n =15
of 5; p = 0.24, t test).

Footshock administration (5 mA, 0.5
ms) caused a significant inhibition in spon-
taneous firing of BLA neurons (by 75 =
11%;n = 8 of 13; p = 0.003, ¢ test) (Fig. 7A).
All neurons inhibited by footshock also dis-
played inhibitory responses to iontophoresis
of NE (by 44 * 9%; n = 8 of 8 p = 0.0004, ¢ C
test) (Fig. 7B, C). Footshock administration
also caused excitation of BLA neurons (by
212 = 29%; n = 5 of 13; p = 0.003) (Fig.
7D). Of these neurons, the majority also dis-
played excitatory responses to NE ionto-
phoresis (by 118 * 23%; n = 4 of 5, p =
0.002, t test) (Fig. 7E, F). One neuron tested tﬂ
did not respond significantly to NE
iontophoresis.

Discussion

This study demonstrates that the NE input
to the BLA exerts potent a-2-mediated in-
hibition of spontaneous activity and
attenuates evoked activity as well. NE de-
livered locally via iontophoresis exerts po-
tent inhibitory effects on spontaneous ac-
tivity in the BLA, and this inhibition is
mimicked by an a-2 receptor agonist. NE
also has smaller excitatory effects medi-
ated by B receptors. The effects of both footshock and LC stimu-
lation on BLA neurons can be reproduced by NE iontophoresis.
Furthermore, the effects of LC stimulation can be partially
blocked with noradrenergic receptor antagonists, with the 8 an-
tagonist attenuating excitatory effects of LC stimulation and the
a-2 antagonist attenuating the inhibitory effects. NE also po-
tently inhibits activity evoked by stimulation of EC and Te3,
which is consistent with an overall inhibitory effect of NE in the
BLA. This study provides the first in vivo electrophysiological
data to complement substantial behavioral studies examining the
role of NE in the BLA, and suggests the LC-BLA circuitry as an
important player in the development of maladaptive responses to
stress and stress-related disorders.

These data are also consistent with in vitro electrophysiologi-
cal studies performed in the BLA. NE enhances excitatory neuro-
transmission via B-adrenergic receptors (Gean et al, 1992,
Huang et al., 1996, Ferry et al., 1997) while producing inhibitory
effects via a-2 receptors (Ferry et al., 1997). NE also disrupts
plasticity via actions at a-2 receptors (DeBock et al., 2003). We
demonstrate here that the inhibitory actions of NE were mim-
icked by administration of the -2 agonist clonidine and blocked
by the a-2 antagonist yohimbine, suggesting that NE has its in-
hibitory effects at least in part via -2 receptors. Furthermore, NE

Figure 3.
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in vivo produces a tonic excitatory effect on BLA neurons via 3
receptors which is lost with 3 receptor blockade, causing a de-
crease in spontaneous firing rate. In fact, the excitation caused by
NE, though present in a fewer number of neurons (n = 8 of 35)
than the inhibition (n = 24 of 35), was much greater in magni-
tude (136%) than the inhibition (32%). Furthermore, blockade
of B receptors leads to a stronger inhibition of neuronal activity
by NE iontophoresis, presumably because of blockade of the ex-
citatory actions of NE mediated via B-receptors, thereby unveil-
ing a more potent inhibition via a-2 receptors.

Initial examinations of baseline firing rates and responses to
NE iontophoresis suggested a possible correlation between firing
rate and NE response. Firing rate has previously been used as one
criterion of neuronal subtype within the BLA. Our data would
suggest that whereas slower firing neurons (presumed projection
cells) are excited, faster firing cells (putative interneurons) are
inhibited. However, this did not correlate reliably with putative
neuron subtypes for three reasons: (1) there was substantial over-
lap in the firing rates between fast and slow firing neurons, and we
did not select for neurons that would fall into two clearly differ-
entiable populations, (2) there were examples in each category of
fast firing neurons that were excited and slow firing neurons that
were inhibited, and (3) neurons that were conclusively identified
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Figure 4. Inhibitory effects of NE are mediated via «-2 receptors. 4, Firing rate histogram
showing that iontophoretic application of 10 nA clonidine causes an inhibition of spontaneous
activity of a BLA neuron. This same neuron exhibited inhibition of spontaneous activity in
response to 40 nA NE application. B, All neurons that display inhibitory responses to clonidine
iontophoresis (p = 0.02) also display inhibitory responses to NE iontophoresis (p = 0.03).

as projection neurons via antidromic activation were inhibited.
These data indicate that although there may be trends for certain
cell types to be excited vs inhibited, neuronal subtype does not
account entirely for the variety of the responses to NE.

There is evidence for the presence of a-2 and 3 receptors
within the BLA. «-2 receptors function as autoreceptors for
the NE system (Grigg et al., 1996; Arima et al., 1998), and
therefore presynaptic inhibitory a-2 receptors could also ac-
count for the inhibitory effects of NE and clonidine. However,
there is some evidence of postsynaptic a-2 receptors in the
BLA as well (U’Prichard et al., 1980). The present studies can-
not distinguish between these two mechanisms. Although not
conclusive, the observation that LC stimulation produces the
same inhibitory response as NE iontophoresis is consistent
with a predominantly postsynaptic a-2 adrenergic inhibition
of BLA neuronal activity.

Functional interpretation

NE in the BLA enhances learning and consolidation of tasks in-
volving aversive stimuli (McGaugh, 2002). One might interpret
the predominantly inhibitory effect of NE in the BLA observed
here as being contradictory to the facilitative effect exerted by NE
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Figure 5. Inhibitory effects of NE are potentiated under (3 receptor blockade. Propranolol
administration potentiates the dose-dependent inhibitory effects of NE iontophoresis.

on behavior. However, these behavioral effects of NE are medi-
ated via 8 receptors (McGaugh et al., 1988; Introini-Collision et
al., 1991; Strange and Dolan, 2004; Ferry et al., 1999a). Our data
demonstrate that the actions of NE in the BLA via 3 receptors are,
in fact, excitatory. Furthermore, these behavioral effects have
never demonstrated that facilitation of behavior involves an ac-
tivation of the BLA. NE having mainly inhibitory effects in the
BLA could serve two functions. First, having an overall inhibitory
effect on the majority of neurons of the BLA could serve to en-
hance the signal-to-noise ratio of those select units that are ex-
cited, a well documented function of NE (Devilbliss and Water-
house, 2004). This would increase transmission of those excited
units onto downstream BLA targets to subserve behavioral re-
sponding. Alternatively, an inhibition of the BLA could lead to a
disinhibition of the central nucleus of the amygdala (CeA), as the
BLA has a predominantly inhibitory influence over the CeA
(Rosenkranz et al., 2006). Disinhibition of the CeA could lead to
activation of downstream brain targets involved in the behavioral
response. The CeA sends excitatory, corticotropin-releasing hor-
mone (CRH)-containing projection to the LC (Van Bockstaele et
al., 2001; Bouret et al., 2003; Ramsooksingh et al., 2003) and
paraventricular nucleus of the hypothalamus (PVN) (Gray et al.,
1989), two regions heavily involved in the production of the stress
response and stress-related behaviors. Afferent regulation of the
LCby CRH is involved in such responses and behaviors (Berridge
and Waterhouse, 2003).

In addition to its inhibitory effects on spontaneous BLA
neuronal activity, NE also caused a decrease in activity evoked
by stimulation of EC and Te3. This contrasts with the obser-
vation in other brain regions that NE alters the signal-to-noise
ratio by decreasing baseline firing but increasing evoked re-
sponses (Funke and Eysel, 1993; McLean and Waterhouse,
1994; Ego-Stengel et al., 2002). At face value, this would ap-
pear to be inconsistent with stress-related learning, in which
the EC modulates the learning of certain behaviors through an
interaction with the BLA (Ferry et al., 1999b). However, it is
possible that NE modulation of these inputs is altered during
learned associations. Therefore, in the absence of learned as-
sociations, the NE system may function to suppress activity
within circuits in which fear-conditioned behavior has not
taken place.
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These studies examine the activation of
LC and consequent effects in the BLA. 3
However, as reviewed in the Introduction,
the LC also has diffuse projections to
many regions involved in the stress re-
sponse. Thus, studies have shown that NE
has both inhibitory and excitatory actions
in prefrontal cortex (Kovacs and Hernadji,
2002) and the hippocampus (Curet and de
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The stress response often functions as
an adaptive mechanism by which organ-
isms react to potentially threatening or
harmful stimuli with appropriate behav-
ioral responses. Noradrenergic modula-
tion of structures involved in these stress
circuitries plays a critical role in these responses. However, exten-
sive exposure to stress is a common factor associated with the
development and/or enhancement of pathology and disease. Ac-
tivation of the hypothalamic—pituitary—adrenal axis by novel
stressors is enhanced after exposure to chronic stress; an effect
relying on NE modulation of the bed nucleus of the stria termi-
nalis and the PVN (Cecchi et al., 2002, Ma and Morilak, 2005)
and may result in maladaptive behavioral responses to stress.
Lesions of the BLA inhibit HPA responses to acute stress (Bhat-
nagar and Dallman, 1998), and the BLA is a potential site in-
volved in sensitization to stressors (Bhatnagar et al., 2004). Pre-
liminary data suggests that chronic stress exposure alters NE
actions within the BLA (Buffalari and Grace, 2006). These and
other data combined with the data reported here suggest that the
BLA is an important component in this circuit that may be sus-
ceptible to stress-induced changes leading to sensitization and
the development of stress-related pathologies. A more complete
understanding of how NE alters transmission in regions like the
BLA that serve as important modulators of the stress response can
lead to insights into how transmission within these circuits mod-
ulates stress-related behaviors.

Figure 6.

LC stimulation and NE iontophoresis cause similar effects on BLA neurons. 4, Firing rate histogram of a neuron
showing inhibition in response to LC stimulation. B, This same neuron shows inhibition in response to NE iontophoresis. C, All
neurons that display inhibitory responses to LC stimulation (p = 0.03) also display inhibitory responses to NE iontophoresis (p =
0.004). D, Example of a neuron showing excitation in response to LC stimulation. E, This same neuron shows excitation in response
to NE iontophoresis. F, The majority of neurons that display excitatory responses to LC stimulation (p = 0.01) also display
excitatory responses to NE iontophoresis (p = 0.01).
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